Abstract-Voltage sags and swells are power quality events commonly observed in power systems; however, none of the existing methods allows determining their point-on-wave inception and recovery instants (and consequently, their duration) accurately in all cases. The primary goal of this paper is to determine these instants with little or no delay, by calculating the absolute rms voltage difference between two adjacent sliding windows. The proposed method is based on the assumption that this difference is maximum when the sample under analysis corresponds to either the inception or the recovery instant. This method is valid for both sag and swell events, with or without transients. Evaluation of the proposed method performance for different types of events shows that it is robust and highly accurate in determining the inception and recovery instants. The estimation error for the majority of the events analyzed is either zero or one sample (each sample corresponds to a phase angle difference of 2.81
Some studies have shown that sensitivity of equipment is influenced by sag/swell characteristics other than duration and magnitude. For example, [5] reports that the sensitivity of relays, motor-starters, and contactors for voltage sags shorter than 4-5 cycles is highest for 90
• point-on-wave inception. On the other hand, higher sensitivity is observed for 0
• point-on-wave inception for sags longer than 5 cycles. Additionally, calculation of reliability indices requires an accurate estimate of the duration of voltage variation events [1] .
Many methods have been developed to identify and characterize voltage sags/swells, such as threshold rms voltage [1] , [2] , [6] , [7] , waveform envelope [5] , [8] , discrete wavelet transform [9] [10] [11] [12] [13] , missing voltage [14] [15] [16] , dq transformation [17] , [18] , numerical matrix [18] , and peak detector [19] [20] [21] . The existing approaches use either instantaneous or rms measurements of single or three-phase voltage waveforms. Some of them provide information about the residual voltage magnitude during the event. However, none of these methods provide accurate estimates for the point-on-wave inception and recovery instants for all types of sags/swells. For example, the threshold rms voltage method introduces an error up to 1 cycle in the estimation of the inception and recovery instants, while the discrete wavelet transform method performs well only if the voltage variation event is accompanied by transients [22] . This paper proposes a method to accurately determine the point-on-wave inception and recovery instants of voltage sags and swells. Initially, the traditional threshold rms voltage method recommended by industry standards and its limitations are discussed in Section II. The novel method presented in this paper aims at overcoming those limitations, and it is based on the absolute difference between rms voltage values of sliding windows, as described in Section III. The performance of this method is assessed in Section IV, where it is shown that the method is robust and performs well for a wide class of sag and swell events.
II. MOTIVATION-THE TRADITIONAL METHOD
The procedure given in industrial standards to characterize a voltage sag or swell is based on the rms voltage profile [1] , [2] . The rms voltage value at instant k, V rms [k] , is calculated from the sampled instantaneous voltage values, v [k] , over an one-cycle long sliding window, as shown in (1): ), where h is an integer number. The time resolution of the resulting discrete time sequence is half-cycle.
A voltage sag (or swell) is detected if the computed rms voltage drops below (or rises above) a pre-specified threshold value, α in f (or α sup ), where the rms voltage values are given in pu. This method will be referred to as traditional method in the remaining of this paper. In spite of being widely used, this method is not accurate in determining the inception and recovery instants of the voltage variation event. The rms operator produces an averaging effect, and as a result, the rms voltage profile may take up to one cycle to reach a new steady-state value after the event inception or recovery [6] . This behavior can be improved by decreasing the interval between consecutive rms computations; the best scenario occurs when rms voltage values are updated for every new sample of the instantaneous voltage waveform.
Consider that a sag/swell starts at instant k 1 ; thus, all sliding windows used to compute the rms voltage values from k 1 to (k 1 + N − 1) contain both pre-event and during-event voltage samples. This portion of the rms voltage profile is denominated transition segment and contains data between two quasistationary segments [7] .
The maximum duration of a transition segment depends on the length of the rms sliding window and the time resolution of the rms voltage profile. Using (1) with a time resolution of one sample, the rms voltage profile gradually changes from V rms [k 1 − 1] to V rms [k 1 + N ], even for voltage variation events with a rectangular shape. The slope of this change is proportional to the difference of the voltage levels immediately before and after the disturbance inception. Therefore, the transition segment lasts one cycle and the estimated inception point is located within the interval [k 1 − 1 :
The time delay between the exact inception instant and the estimated one is referred to as time latency. The worst case occurs when the sag magnitude is minimum, i.e., (1 − α in f ); in such case, the rms voltage profile reaches α in f only at (k 1 + N ) and the time latency is equal to one cycle. A similar effect is observed in estimating the recovery instant.
As an illustration, Fig. 1(a) represents the voltage waveform during a sag event, while Fig. 1(b) shows the corresponding rms voltage profile, computed according to (1) . The exact inception and recovery instants are determined by visual inspection of the measured and reference voltage waveforms. On the other hand, the inception and recovery instants estimated by the traditional threshold rms method (adopting α in f = 0.9 pu) are not accurate. The time latencies are 0.359 and 0.875 cycle, respectively; such large inaccuracies prevent the use of the estimated point-onwave inception and recovery values in equipment sensitivity analysis. The lowest time latency for the traditional method is obtained through short sliding windows (half-cycle) and high update rate (rms values computed for each new voltage sample). However, even this approach has been shown to introduce a relatively high time latency [22] . Additionally, the estimated event duration depends on the instants at which the rms values are computed. Industry standards state that "the duration [of a voltage sag] is the time that the rms voltage stays below the threshold" [1] . Fig. 2 shows two rms voltage profiles for the same sag event, where the rms values are calculated at different instants. It can be observed that the event duration is not uniquely established under this definition, and the estimated inception and recovery instants are different in each case. The estimated event duration values are 2.502 cycles for case 1 and 1.998 cycles for case 2. This result is of concern because the difference between the two event durations (0.504 cycle) is sufficiently large to change the classification of a disturbance from 'instantaneous short-duration variation' to 'non-event' or vice versa [23] .
Furthermore, the value of the retained voltage is affected by the rms update instants [7] . The two values obtained for the sag represented in Fig. 2 are 8 .68 kV and 8.76 kV, respectively. More in general, for sag durations shorter than 1.5 cycles, the value of the retained voltage calculated with the traditional method is likely to be inaccurate. This is explained as follows: for short sags, the sliding window does not contain exclusively voltage samples measured during the event, and therefore the rms calculation is affected by pre-event or post-event values. Similar considerations apply to voltage swells.
III. RMS VOLTAGE DIFFERENCE ESTIMATION METHOD

A. The RMS Voltage Difference Profile
The method proposed in this paper aims at accurately determining the inception and recovery instants of a voltage variation event, as well as the amplitude variation. To reach these aims, two new quantities based on the traditional rms definition are proposed in (2):
where w is the sliding window length, and k is the time index under analysis. These quantities are calculated through two sliding windows: the past window, ranging from (k − w) to (k − 1), and the future window, ranging from k to (k + w − 1). These definitions are introduced such that the rms voltage values at the inception and recovery instants are affected by exclusively pre-, during-, or post-event instantaneous voltage samples. As a result, the rms voltage profile will exhibit a sharp transition at the event inception and recovery instants -rather than a gradual one, as in the traditional method. Therefore, these instants could be determined accurately. A related idea using two adjacent, non-overlapping sliding windows is discussed in [24] , [25] for a signal segmentation scheme. The estimation of the inception and recovery instants of the voltage variation event is based on the absolute difference between past and future rms voltage values, defined in (3). Fig. 3 illustrates the computation of the V di f f rms profile according to this definition.
The underlying reasoning of this method is that there are only three possible cases for the voltage samples within each sliding window: 1) exclusively pre-or post-event data, 2) exclusively during-event data, or 3) a combination of both. If both past and future windows contain exclusively pre-event data, then the (4), where k * corresponds to the inception instant of a sag event.
where V 1 and V 2 are the magnitudes before and during the voltage sag, respectively; f and φ are the frequency and phase angle, respectively. The V di f f rms profile as function of time for a voltage sag longer than w samples is shown in (5) .
where [k] . Considering the quantities defined in (6) , where V 2 < V 1 , results in:
Substitution of (7) and (8) into (5b) and (5d), respectively, shows that V di f f rms is maximum at the inception instant k * , as represented in (9) .
is a local maximum, as initially assumed. The same result is obtained for a voltage swell.
This concept is exemplified in Fig. 4(a) , which corresponds to a simulated voltage waveform with magnitudes 1, 0.01, 0.025, and 0.008 pu for the fundamental, 3rd, 5th, and 7th harmonics, respectively. A Gaussian noise between −0.005 and 0.005 pu is superimposed to the signal, and a 0.3 pu voltage sag is applied between 0.1 s and 0.15 s. As an example, four points in proximity of the sag inception instant are analyzed, adopting w = 1 cycle. The resulting V di f f rms profile is shown in Fig. 4(f) : k 1 ) full pre-sag inception instant (Fig. 4(b) ): both past and future windows contain exclusively pre-sag voltage samples. In this case, V di f f rms is quite small and the non-zero values are due to the normal voltage fluctuations experienced by the grid; k 2 ) partial pre-sag inception instant (Fig. 4(c) (Fig. 4(d) ): the past and future windows contain exclusively pre-and during-sag voltage samples, respectively. Thus, V di f f rms is maximum; k 4 ) partial post-sag inception instant (Fig. 4(e) ): the future window contains exclusively during-sag voltage samples, while the past window contains both pre-and during-sag voltage samples. Therefore, both V past rms and V di f f rms values decrease compared to (k 3 ). The analysis regarding the sag recovery instant is analogous, corresponding to the second local maximum in Fig. 4(f) .
B. Determination of Inception and Recovery Instants
The procedure to determine the inception and recovery instants of a voltage sag is explained below. The starting point is the computation of the traditional rms voltage profile, as defined in (1) . A voltage sag is detected if any computed rms value is lower than the threshold setting, α in f ; the initial approximation for the inception point, k inc , is the first instant where (10) is satisfied.
As discussed in Section II, the traditional threshold rms voltage method has a time latency of up to 1 cycle (the length of the transition segment) in determining inception and recovery instants. Therefore, in the proposed method, the V past rms and V f uture rms profiles are computed for all indices ranging from (k inc − N ) to k inc . The revised and more accurate inception point, k * inc , is set to the index where V di f f rms is maximum in this range. The initial estimate for the recovery point, k rec , is the first instant that satisfies (11), i.e., the first instant after the sag inception where the voltage waveform has recovered above the minimum threshold for at least half-cycle. The revised estimate for the recovery point, k * rec , is computed similarly to k * inc , considering the index range from (k rec − N ) to k rec .
The evolving instants of a multiple-stage sag are also identified. Once the inception and recovery instants have been determined, a V 
The rms voltage difference method is also suitable for determining the inception and recovery instants of a voltage swell. The following adjustments are needed: the input α in f must be replaced by α sup , the threshold setting for swell detection; and the conditions in (10) and (11) 
IV. PERFORMANCE ASSESSMENT
The performance of the rms voltage difference method is assessed for different sets of measured voltage sags and swells. These rms voltage variation events were obtained from field data recorded at the substation transformer of a 25-kV, 60 Hz distribution system with multiple parallel feeders. The instantaneous phase-to-neutral voltage waveforms are sampled at the frequency of 7.68 kHz. The values α in f = 0.9 pu and α sup = 1.1 pu are adopted as thresholds for sag and swell detection, respectively, and w = 128 samples (1 cycle) is chosen for the sliding window length, unless stated otherwise.
For each rms voltage variation event, its estimated duration and time latency for the inception and recovery instants are reported. Whenever possible, the exact values for these parameters are determined by visual inspection of the voltage waveforms. The error in the estimated event duration, in %, is computed according to (13) .
where d exact and d estimated are the exact and estimated duration of the event, respectively.
A. Voltage Sag Accompanied by Transients
Voltage variation events are commonly accompanied by transients during inception and recovery, as for the case of the voltage sag represented in Fig. 5(a) . The exact event duration is estimated to be 1.984 cycles by visual inspection of the voltage waveform. Fig. 5(b) illustrates the application of the proposed method; the peaks of V di f f rms correspond to the estimated inception and recovery instants, which have a time latency of 0 and 1 sample in relation to the exact instants, respectively. On the contrary, Fig. 5(c) illustrates that when the traditional method is used, there is a significant delay in the estimate of the inception and recovery instants, in spite of the rms update rate. This can be verified by inspection: both the black dashed and the red dashed-dotted lines cross the threshold with a visible delay compared to the proposed method.
As shown in Table I , the time latency in the traditional method is as high as 112 samples (0.875 cycle) and the event duration is overestimated by up to 26.01%. The proposed method, on the contrary, introduces negligible time latency.
B. Voltage Sag Not Accompanied by Transients
Sags not accompanied by transients compose the next class of voltage variation events analyzed. In these events, the transient in the voltage waveform during the transition from preto during-sag and from during-to post-sag are non-existent or very subtle. Fig. 6(a) depicts an example of a sag pertaining to this class of events. Although it is still possible to estimate the inception and recovery instants by visually inspecting the voltage waveform, automating this process through the techniques found in the literature is challenging [22] .
The rms voltage difference method is able to accurately determine the inception and recovery instants for this voltage sag, Fig. 6 , the time latency is 1 sample for both inception and recovery points estimated by the proposed method, while it is higher than 0.9 cycle for the traditional method (see Table II ).
Unlike the example of a voltage sag with transients presented in Fig. 5 , the traditional method underestimates the event duration in this case. There is no general rule to predict whether the event duration calculated by the traditional method will be an underestimation or overestimation in relation to the exact value. This estimate depends on the points on waveform at which rms values are updated, as discussed in Section II.
C. Voltage Sag With Multiple Stages
A voltage sag may contain multiple stages, such that the voltage level changes in steps during the event. For example, Fig. 7 (a) depicts a voltage sag with three stages. The inception and recovery instants are accurately determined by applying the rms voltage difference method, as in the previous examples. Estimating the evolving instants, however, is subject to the choice of α evolve , the threshold value for detection of evolving sags. Industry standards [1] , [2] offer no recommendation for this value, and an improper choice may result in either overdetection (α evolve is too small) or underdetection (α evolve is too large). For this example, α evolve = (1 − α in f )/2 = 0.05 pu is appropriate. Fig. 7(b) shows that inception, recovery, and evolving instants are accurately estimated by the rms voltage difference method. On the other hand, Fig. 7(c) shows that the traditional method is not able to identify the evolving instants.
As already discussed, the proposed method inhibits the detection of the evolving instants if they are located less than w samples from each other. This constraint is used to guarantee the accuracy of the estimated instants. For example, suppose that the fault evolves to a new stage at (k * inc + w/2). At this instant, V past rms is still affected by the pre-sag voltage values, and it cannot be guaranteed that V di f f rms has reached its maximum value. Using shorter sliding windows alleviates this limitation; an analysis of the effect of the sliding window length is presented in Section IV-F.
D. Voltage Sag Followed by Slow Recovery
Not all voltage variation events present well-defined time boundaries. The voltage sag caused by the starting of a large motor is a case in which the voltage drops substantially at the event inception, then gradually recovers to its pre-sag value. The voltage sag represented in Fig. 8(a) is an example of such behavior (this voltage waveform is sampled at 15.36 kHz, i.e., 256 samples/cycle). Note that the sag recovery instant cannot be determined by visually inspecting the voltage waveform; therefore, it is not possible to calculate the time latency introduced by each method in estimating the recovery instant.
The rms voltage variation events caused by faults present a well-defined point-on-wave recovery instant that corresponds to the operation instant of the protective device (fuses, reclosers). On the other hand, the voltage waveforms of events with a slow recovery do not contain a real point-on-wave recovery instant [8] , since the underlying power system event (such as motor starting or similar large load energizing) is not cleared by protective devices.
As shown in Table III , the resulting inception instants are similar to the previous examples: the proposed method introduces a time latency of only three samples, while the traditional threshold rms voltage method introduces significantly large time latency. On the other hand, the rms voltage difference method performs no better than the traditional method in estimating the recovery instant. According to the conditions presented in (11) , the proposed method initially computes the recovery instant based on the traditional method, obtaining k rec . Then, this first approximation is improved through the analysis of the V di f f rms profile around k rec . However, due to the gradual voltage Fig. 8(b) ), and the recovery instant estimate is not improved.
E. Comparison to the Discrete Wavelet Transform Method
A previous survey indicated that the discrete wavelet transform (DWT) presents the best performance among the methods for determining the inception and recovery points of a voltage sag [22] . Fig. 9 compares the rms voltage difference and DWT estimation methods under two scenarios: voltage sag with and without transients. The DWT method uses db6 as mother wavelet [9] .
Both the DWT and the rms voltage difference methods are equally accurate in determining the inception and recovery instants of a voltage sag accompanied by transients, and the estimated instants are exactly the same in this example, as shown in Fig. 9 (a) and (b). On the other hand, when the voltage sag is not accompanied by transients, the inception and recovery instants are undetected by the DWT method, while they are accurately determined by the rms voltage difference method (see Fig. 9(c) and (d) ). The wavelet coefficients rise slightly around the inception and recovery instants; however, such increase is not sufficient to detect them as outliers.
The accuracy and false-negative rate of the DWT method is highly dependent on the mother wavelet choice, while the rms voltage difference method does not have this shortcoming. Furthermore, the DWT method provides no information about the retained voltage during the event, and it is prone to overdetection, as any transient event has the potential to affect the wavelet coefficients [26] .
F. Effect of the Sliding Window Length
The previous examples use w = 128 samples, i.e., the sliding window length is 1 cycle, as in the traditional method. The effect of decreasing this value to half-cycle is analyzed in Fig. 10 On the other hand, half-cycle rms computation is sensitive to even-harmonic distortion [7] . In such cases, consecutive halfcycles of the voltage waveform do not present odd symmetry, and the rms voltage profile varies significantly between consecutive computations. Examples of events with even-harmonic distortion include voltage sags due to transformer energizing and sags associated with post-fault transformer saturation [7] . Therefore, it is recommended to use shorter sliding windows (w = half-cycle), unless high levels of even-harmonic distortion are anticipated. The choice of the window length can be performed automatically, by setting the default value to half-cycle, which is increased to w = one-cycle when the even-harmonic distortion is above a certain threshold value.
G. Voltage Swell Accompanied by Transients
The previous examples illustrated the performance of the proposed method in determining the inception and recovery instants of voltage sags. This method is also applicable to voltage swells if (10) and (11) are modified accordingly, as discussed in Section III. Fig. 11(a) represents a voltage swell, and the respective estimated inception and recovery instants. This voltage waveform corresponds to a healthy phase during a single line-to-ground fault; the faulted phase is represented in red in Fig. 11(d) and (e).
It is worth noting that there is a voltage transient preceding the estimated inception instant. However, the time interval between the transient start and the estimated inception should not be considered as time latency for the proposed method. Upon closer inspection, the transient in the healthy phase is due to the fault in one of the other phases. The comparison between the measured and reference waveforms shows that the swell does not start until the instant labeled as estimated inception, as shown in Fig. 11(d) . Therefore, the inception instant is accurately determined by the proposed method. The same reasoning applies to the estimated recovery instant.
V. CONCLUSION
This paper presents a robust method based on rms voltage differences to accurately determine the inception and recovery instants of voltage variation events. The largest time latency observed was three samples, which corresponds to a deviation of only 4.22 • in estimating the point-on-wave. The traditional method, on the contrary, had a time latency up to 116 samples. It is recommended to use short sliding windows (half-cycle), which allows identification of events as short as half-cycle, while longer sliding windows can be used when even harmonic distortion is above a pre-determined level. In the unlikely event of high voltage distortion, a low-pass filter may be necessary prior to the identification of the inception and recovery instants. The main application of the proposed method is to obtain accurate statistics on point-on-wave instants for equipment sensitivity analysis.
